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ABSTRACT
Using data from the Wide-field Infrared Survey Explorer we studied the mid infrared
3.4 µm (W1-band) and 4.6 µm (W2-band) flux variability of γ-ray emitting blazars.
Our sample consists of 460 flat spectrum radio quasars (FSRQs) and 575 BL Lacertae
(BL Lac) objects. On intra-day timescales, the median amplitude of variability (σm)
for FSRQs is 0.04+0.03−0.02 mag and 0.05
+0.03
−0.02 mag in W1 and W2 bands. For BL Lacs we
found median σm in W1(W2) bands of 0.04
+0.01
−0.02 (0.04
+0.02
−0.02) mag. On long timescales,
for FSRQs we found a median σm of 0.44
+0.28
−0.27 mag and 0.45
+0.27
−0.27 mag in W1 and W2
bands, while for BL Lacs the median values are 0.21+0.18−0.12 mag and 0.22
+0.18
−0.11 mag in
W1 and W2 bands. From statistical tests, we found FSRQs to show larger σm than BL
Lacs on both intra-day and long timescales. Among blazars, low synchrotron peaked
(LSP) sources showed larger σm compared to intermediate synchrotron peaked (ISP)
and high synchrotron peaked (HSP) sources.The larger σm seen in FSRQs relative to
BL Lacs on both intra-day and long timescales could be due to them having the most
powerful relativistic jets and/or their mid infrared band coinciding with the peak of
the electron energy distribution. BL Lacs have low power jets and the observational
window too traces the emission from low energy electrons, thereby leading to low σm.
In both FSRQs and BL Lacs predominantly a bluer when brighter behaviour was
observed. No correlation is found between σm and black hole mass.
Key words: galaxies:active – galaxies:jets – (galaxies:)BL Lacerate objects:general
– infrared:galaxies
1 INTRODUCTION
The extragalactic γ-ray sky is dominated by the blazar cat-
egory of active galactic nuclei (AGN) as evident from the
Fermi-γ-ray space telescope (Atwood et al. 2009) observa-
tions since its launch in 2008 (The Fermi-LAT collaboration
2019). AGN are believed to be powered by accretion of mat-
ter onto supermassive black holes located at the centres of
galaxies (Lynden-Bell 1969; Rees 1984). Blazars, a peculiar
category of AGN, which comprises both flat spectrum radio-
quasars (FSRQs) and BL Lacs objects (BL Lacs) emit ra-
diation over the entire accessible electromagnetic spectrum
extending from low energy radio to high energy TeV γ-ray
energies predominantly by non-thermal emission processes.
This classification of blazars into FSRQs and BL Lacs is
based on the rest-frame equivalent width (EW) of their op-
tical emission lines with BL Lacs having EW < 5 A˚(Stickel
? E-mail: astro.pray@gmail.com (KTS)
et al. 1991; Stocke et al. 1991). Presence of either weak emis-
sion lines or featureless spectrum in BL Lacs is thought to
be because of relativistic beaming, owing to their relativis-
tic jets being aligned closely to the observer. However, ac-
cording to Ghisellini et al. (2011), blazars can be divided
into FSRQs and BL Lacs based on the luminosity of their
broad emission lines (LBLR) relative to the Eddington lumi-
nosity (LEdd) with BL Lacs having LBLR/LEdd < 5×10−4,
where LEdd = 1.3×1038
(
MBH
M
)
erg sec−1, MBH is the mass
of the black hole. Apart from the noticeable differences in
the optical spectra, both FSRQs and BL Lacs have flat ra-
dio spectra at GHz frequencies with the spectral index α <
0.5 (Sν ∝ ν−α) and show superluminal motion in the radio
band (Jorstad et al. 2005). They exhibit rapid flux variations
over the electromagnetic spectrum on a range of timescales
from minutes to years (Paliya et al. 2015, 2016; Stalin et al.
2004b; Rani et al. 2017). They are highly polarized in opti-
cal which is also found to vary with time (Andruchow et al.
2005; Rakshit et al. 2017; Rajput et al. 2019). However, in
c© 2020 The Authors
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the large scale jet structure, FSRQs and BL Lacs do differ
with FSRQs being the beamed counterparts of the luminous
Fanaroff-Riley type II (FR II) radio galaxies (Fanaroff & Ri-
ley 1974) and BL Lacs being the beamed counterparts of the
less luminous FR I radio galaxies.
The broad band spectral energy distribution (SED) of
blazars has a typical two hump structure. The low energy
hump peaking between infrared and X-rays is known to re-
sult from synchrotron emission process. The high energy
hump peaks in the MeV to TeV range and its origin is a
matter of intense debate, and two competing models are
available in the literature to explain the high energy hump
in blazars. In the one zone leptonic emission model, the high
energy hump is explained by inverse Compton (IC) process.
The seed photons for the IC scattering can either originate
from within the jet, called the synchrotron self Compton
(Konigl 1981; Marscher & Gear 1985; Ghisellini & Maraschi
1989) or external to the jet, called the external Compton
process (Begelman et al. 1987; Melia & Konigl 1989; Der-
mer et al. 1992). Alternatively, the high energy hump can
also be explained by hadronic process (Bo¨ttcher et al. 2013).
Based on the peak of the synchrotron emission, blazars are
further classified (Abdo et al. 2010) into low synchrotron
peaked blazars (LSP; νSpeak < 10
14 Hz), intermediate syn-
chrotron peaked blazars (ISP; 1014 Hz ¡ νSpeak < 10
15 Hz)
and high synchrotron peaked blazars (HSP; νSpeak > 10
15
Hz).
Blazars have been studied extensively for flux variabil-
ity in different wavelengths at different timescales such as
the optical (Stalin et al. 2006), X-ray (Rani et al. 2017),
UV (Edelson et al. 1991; Edelson 1992) and radio (Liodakis
et al. 2018). However, our knowledge on the infrared vari-
ability characteristics of blazars is very limited (Koz lowski
et al. 2016), though few individual sources have been stud-
ied (Zhang et al. 2015; Carnerero et al. 2015; Gaba´nyi et al.
2018). Recently, Mao et al. (2018) investigated the long
term mid infrared variability of blazars using about four
years of data, however, there is no report yet in literature
on their mid infrared variability characteristics on intra-day
timescales. Furthermore, there is no comparative study of
the mid infrared variability of the different sub-classes of
blazars such as LSP, ISP and HSP available in the literature.
Studies of infrared variability are indeed important to under-
stand the contribution of jet, accretion disk and torus to the
observed infrared emission. As the mid infrared variability
study of blazars is very limited, it is important to carryout
such a study for a clear picture of their mid infrared variabil-
ity. We have therefore carried out a systematic study on the
mid infrared flux variability of a large sample of blazars with
the following objectives (a) to characterize the mid infrared
variability characteristics of γ-ray emitting blazars in gen-
eral, on both intra-day timescales and long timescales (b) to
see for similarities and differences between the mid infrared
variability characteristics of FSRQs and BL Lacs and (c) to
have a comparative analysis of the mid infrared variability
characteristics of LSP, ISP and HSP blazars. Our sample of
blazars for this study was taken from the third catalog of
AGN by Ackermann et al. (2015). This is the first systematic
study of the mid infrared flux variability characteristics of
γ-ray emitting blazars on intra-day timescales. We present
the sample and data used in this study in Section 2 and the
analysis in Section 3. The results are discussed in Section 4
followed by the summary in the final section.
2 SAMPLE AND DATA
The sample of blazars used in this study was taken from
the third catalog of AGN detected by the Fermi Large Area
Telescope (3LAC, Ackermann et al. 2015). Our initial sam-
ple consists of 1099 sources of which 467 are FSRQs and
632 are BL Lacs. As the prime motivation of this work is to
characterise the mid infrared variability of Fermi blazars, we
searched for mid infrared counterparts to our initial sample
of blazars in the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010) all sky catalog. Since its launch and un-
til 2012, WISE mapped the sky in 4 mid infrared bands
namely, W1 (3.4 µm), W2 (4.6 µm), W3 (12 µm) and W4
(22 µm). Its cryogenics failed in 2012 and post 2012, WISE
carried out observations in only 2 bands, W1 and W2. The
images from WISE observations have spatial resolution of
6.1, 6.4, 6.5 and 12 arcsec, in W1, W2, W3 and W4 bands
respectively. With WISE making about 15 orbits/day, it is
natural to get many photometric points on a single object
in a day. The data from WISE was released in two separate
catalogs namely, the AllWISE1 source catalog (Prior to the
cryogenic failure) and NEOWISE catalog2 (Post Cryogenic
failure). The magnitudes given in WISE are in the Vega sys-
tem without any corrections for Galactic extinction. Thus,
the multi-epoch photometry available in AllWISE and NE-
OWISE catalogs can be used to investigate the mid infrared
flux variability properties of Fermi blazars.
We cross-correlated our initial sample of 1099 blazars
selected from Ackermann et al. (2015) with the AllWISE
source catalog with a search radius of 2 arc second. Our
cross correlation yielded 1035 sources. The distribution of
our sample of 1035 sources in the WISE colour-colour dia-
gram is shown in Figure 1. These 1035 sources form our sam-
ple for mid infrared variability study. Of these 1035 sources,
575 are BL Lacs and 460 are FSRQs. FSRQs cover the red-
shift from 0.189 to 3.10, while BL Lacs cover the redshift
between 0.034 and 1.72. The distribution of redshifts taken
from Ackermann et al. (2015) for our final sample of FSRQs
and BL Lacs are given in Figure 2. In our sample, about
10% of FSRQs and 50% of BL Lacs do not have redshift
measurements. Further dividing our sample, based on the
peak of the synchrotron emission in their broad band SED,
we have 565 LSPs, 207 ISPs and 243 HSP sources. A total
of 20 sources in our sample, do not have sub-classification
in Ackermann et al. (2015). The summary of the different
types of sources used in this study is given in Table 1.
For these 1035 sources, we also looked into the availabil-
ity of data in NEOWISE (Mainzer et al. 2011). Of these 1035
sources, NEOWISE data was available for 914 sources. For
sources having data only in AllWISE, the observed duration
spans a period of about a year between MJD 55203 and MJD
55593. However, for sources that have observations both
in AllWISE and NEOWISE the duration of observations
covers a period of about 7 years between MJD 55203 and
1 http://wise2.ipac.caltech.edu/docs/release/allwise/
2 http://wise2.ipac.caltech.edu/docs/release/neowise/
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Figure 1. The distribution of the sources used in this study in the
WISE colour-colour diagram. FSRQs (red filled circles) and BL
Lacs (blue filled circles) are separated in the W1-W2 v/s W2-W3
colour-colour diagram.
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Figure 2. The redshift distribution of FSRQs and BL Lacs used
in this work.
MJD 57735. Also, for observations within a day, there can
be points as large as the number of orbits made by WISE,
thereby enabling us to study variability on both intra-day
timescales (of the order of hours) and long timescales (of
the order of years). A sample light curve of the source (a BL
Lac J1748.6+7005 at z=0.77) in W1 and W2 bands span-
ning about 7 years of observation is given in Figure 3. In
Figure 4, we present an expanded one day light curve of
the same source. For most of the sources in our sample, ob-
servations are sparse in W3 and W4 bands having ”null”
entries at many epochs. Therefore, for any further analysis
of variability, only two photometric bands were considered
namely W1 and W2. Even when using W1 and W2 bands
for variability analysis, to ensure use of good photometric
measurements, following Rakshit et al. (2019), the following
conditions were imposed
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Figure 3. Sample light curves spanning about seven years for
the BL Lac (J1748.6+7005) in W1 (red) and W2 (blue) bands.
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Figure 4. Expanded one day light curves in W1 (red) and W2
(blue) bands for the source J1748.6+7005 shown in Figure 3.
(i) The χ2 per degree of freedom of the single-exposure
profile-fit in both W1 and W2 bands should be less than 5.
(ii) The number of components used in the fit of the point
spread function (PSF) of a source should be less than 3.
(iii) The best quality single-exposure image frames are
not affected by known artifacts and are not actively de-
blended.
(iv) The number of data points in a day must be at least
5 in both W1 and W2 bands. This condition was utilized
only for the analysis of variability on intra-day timescales.
3 ANALYSIS OF VARIABILITY
The conditions imposed in Section 2 were used on the se-
lection of data for variability analysis. For studying long
term variability, we used all such selected photometric
points. However, for the analysis of variability on intra-day
timescales we separated the photometric points into groups
(hereafter called days). A one day light curve includes all
photometric points that have time gaps less than 1.2 days
between any two consecutive photometric points. Also, to
get rid of cosmic rays affecting our photometric data we em-
ployed a 3σ clipping to remove outliers in the one day and
long term light curves following Rakshit et al. (2019). Thus,
MNRAS 000, 1–12 (2020)
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Figure 5. Histogram and cumulative distribution of σm on intra-
day timescales for FSRQs (dashed line) and BL Lacs (solid line)
in W1 (left panel) and W2 (right panel) bands.
good quality photometric measurements were used in our
analysis of mid infrared variability on intra-day timescales
and long timescales.
3.1 Variability amplitude
To characterize the variability shown by a source both on
intra-day and long timescales, we calculated the amplitude
of variability (σm) as described in Sesar et al. (2007). For
each light curve, σm was calculated by removing the mea-
surement uncertainty from the variance of the light curve.
According to Sesar et al. (2007) σm is given by
σm =
{√
Σ2 − 2 if Σ > ,
0 otherwise
(1)
where Σ is the variance of the light curve defined as
Σ =
√√√√ 1
n− 1
N∑
n=1
(mi− < m >)2 (2)
Here, mi is the magnitude of the i
th point and < m > is the
weighted average. And,  is defined as
2 =
1
n
N∑
n=1
2i + 
2
s (3)
Here i is the measurement uncertainty of the i
th point and
s is the corresponding systematic uncertainty. For W1 and
W2 bands, the systematic uncertainties are 0.024 mag and
0.028 mag respectively (Jarrett et al. 2011). The systematic
errors were added in quadrature to the measurement uncer-
tainties to get the total error on each photometric measure-
ment.
3.1.1 Intra-day variability amplitude
On intra-day times scales, the variability amplitude σm
in mag was calculated using Equation 1. We found me-
dian σm values of 0.04
+0.03
−0.02 mag and 0.05
+0.03
−0.02 mag for
FSRQs in W1 and W2 bands. Similarly, for BL Lacs, we
found median σm values of 0.04
+0.01
−0.02 mag and 0.04
+0.02
−0.02
mag in W1 and W2 bands, respectively. The upper and
lower uncertainties in the median σm values were determined
such that 15.87% of σm values have σm > σm(median) +
σm(upper error) and 15.87% of σm values have σm <
σm(median) − σm(lower error). This corresponds to 1 σ
error for a Gaussian distribution. The histogram and cu-
mulative distribution of σm for FSRQs and BL Lacs in W1
and W2 bands are shown in Figure 5. The median values
of σm in W1 and W2 bands seem indistinguishable within
errors for both FSRQs and BL Lacs. However, the two sam-
ple Kolmogorov-Smirnov (KS) test indicates that there is
difference in the variability between W1 and W2 bands on
intra-day timescales. For FSRQs the KS test gave a D-value
of 0.113, with a null hypothesis (there is no difference in
variability between W1 and W2 bands) probability (p) of
2.14 × 10−19, while for BL Lacs, from KS test we found a
D-value of 0.213 with a p of 8.79 × 10−98. Thus, on intra-day
timescales there is difference in the mean variability ampli-
tude between W1 and W2 bands in both FSRQs and BL
Lacs. From our analysis we found FSRQs to show similar
median amplitude of variability to BL Lacs in both W1 and
W2 mid-IR bands. However, a two sample KS test carried
out for the distribution of σm in the W1 band in FSRQs and
BL Lacs showed that the two distributions are indeed dif-
ferent with a D-statistic of 0.211 and a null-hypothesis (the
distribution of σm in W1 band for FSRQs and BL Lacs are
drawn from the same population) p of 3.60 × 10−79. Simi-
larly in W2 band too, from KS test we found that the distri-
bution of σm are different between FSRQs and BL Lacs with
a D-statistic value of 0.121 and a p-value of 6.86 × 10−26.
A summary of the results on intra-day variability analysis is
included in Table 2.
3.1.2 Long term variability amplitude
The distribution of long term variability amplitudes in W1
and W2 bands for FSRQs and BL Lacs are shown in Figure
6. For FSRQs in W1 band we found σm to range between
0.020 mag and 1.550 mag with a median value of 0.44+0.28−0.27
mag. Similarly for W2 band we found σm to range between
0.016 mag and 1.186 mag with a median value of 0.45+0.27−0.27
mag. From two sample KS test applied to the distribution
of σm between W1 and W2 band, we found a D-statistic of
0.044 with a p-value of 0.90. Thus in FSRQs there is no dif-
ference in variability between W1 and W2 bands. In the case
of BL Lacs, in W1, we found σm to range between 0.008 mag
and 1.350 mag with a median of 0.21+0.18−0.12 mag. Similarly in
W2 band, we found σm to lie in the range between 0.010 mag
and 1.249 mag with a median of 0.22+0.18−0.11 mag. A two sam-
ple KS test to the distribution of σm between W1 and W2
bands in BL Lacs gave a D-statistic of 0.070 with a p-value
of 0.210. Thus in long term the amplitude of flux variations
between W1 and W2 bands are found to be similar in both
FSRQs and BL Lacs. A two sample KS test applied to the
distribution of σm in W1(W2) bands between FSRQs and
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Figure 6. Histogram and cumulative distribution of σm on long
timescales for FSRQs (dashed line) and BL Lacs (solid line) in
both W1 (left panel) and W2 (right panel) bands.
BL Lacs yielded a D-statistics of 0.42 (0.43) and a p-value of
1.10 × 10−33 (2.23 × 10−28). Thus, on long timescales too,
FSRQs showed larger amplitude variations than BL Lacs in
both W1 and W2 bands. A summary of the results of the
long term variability analysis is included in Table 2.
3.2 Flux variability on sub-samples of blazars
We also divided our sample of blazars into different sub-
classes based on the peak frequency of the synchrotron com-
ponent in their broad band SED such as LSP, ISP and HSP
and analysed the amplitude of variability in them both on
intra-day and long timescales. The results are included in
Table 2 for both intra-day and long timescales respectively.
The histogram and cumulative distribution of σm for dif-
ferent sub-classes of blazars are given in Figure 7 for intra-
day timescales and Figure 8 for long timescales. On long
timescales LSP blazars showed the largest σm followed by
ISP and HSP sources in both W1 and W2 bands. This is
evident from the cumulative distribution function (CDF)
plots in the bottom panels of Figure 8, where the CDFs
of LSPs are systematically at higher σm values than those
of ISPs and HSPs, while the CDFs of ISPs are larger than
HSPs. This is expected from the results in the previous sec-
tion as majority of LSP sources are FSRQs while most of
HSP sources are BL Lacs. On intra-day times scales, while
LSP sources are more variable compared to ISP and HSP
sources, the amplitude of variability is indistinguishable be-
tween ISP and HSP sources. Here too, in the CDFs shown in
the bottom panels of Figure 7, LSPs have higher σm values
than ISPs and HSPs, while the CDFs of ISPs and HSPs are
indistinguishable.
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Figure 7. Distribution of σm on intra-day timescales for LSP,
ISP and HSP objects.
3.3 Ensemble Structure Function
In addition to the variability of blazars characterized by σm
described in the previous sections, blazar variability can also
be described by Structure function (SF), which shows the de-
pendency of variability as a function of time lag (Simonetti
et al. 1985). SF can be calculated for individual AGN hav-
ing light curve with multiple epochs of observations, taking
the magnitude difference for each pair of time lags in a light
curve. It can also be calculated for a group of blazars, known
as ensemble structure function, allowing us to obtain the
mean variability behaviours of the population. Since WISE
data has sparse sampling, we studied the mean variability
of different classes of blazars using the ensemble structure
function following di Clemente et al. (1996)
SF =
√
pi
2
< |∆m| >2 − < σ2n >, (4)
where |∆m| = mi −mj , is the magnitude difference of any
two epochs (i, j) separated by the time difference or lag
∆τ = ti − tj . σ2n = σ2i + σ2j is the sum of squares of the
uncertainties in magnitudes mi and mj . To calculate SF, the
time bins were selected to have equal interval in logarithmic
observer frame time lag with at least 2000 data points in
each bin. Note that a few of our sources do not have redshift
measurements in the literature, thus, SF was calculated in
the observer frame.
In Figure 9, we plot SF against observer frame time lag
for BL Lacs (red) and FSRQs (blue). The error bars in SF
were calculated via error propagation following Vanden Berk
et al. (2004). The Figure shows FSRQs are significantly more
variable than BL Lacs consistent with the result obtained by
σm calculation. SF increases gradually from a time lag of 1
to ∼ 200 days and become flatter at higher time lag. Such
a trend has been noted previously by various authors (e.g.,
Vanden Berk et al. 2004; Welsh et al. 2011; Koz lowski 2016)
from studies of long term quasar variability in the optical
MNRAS 000, 1–12 (2020)
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Table 1. Details of the sources used in this study.
Type Number z range Median z
BL Lac 460 0.189−3.10 1.106
FSRQ 575 0.034−1.72 0.291
HSP 565 0.085−1.25 0.770
ISP 207 0.046−2.19 0.046
LSP 243 0.034−1.60 0.203
band. To characterize the structure function, we fitted a
simple power-law model in the form of
SF =
(
∆τ
τ0
)γ
, (5)
where τ0 and the power law slope (γ) are free parameters.
The fitting results are given in Table 3. The inferred value of
γ is 0.29± 0.03 for BL Lacs and 0.25± 0.02 for FSRQs. We
also fitted a three parameters exponential model following
Koz lowski (2016) in the form of
SF = SF∞
√
1− e−
( |∆τ|
τc
)β
, (6)
where SF∞ is the amplitude of variance at long timescale, τc
is de-correlation timescale and β is the power-law index. The
equation becomes a damped random walk (DRW;Kelly et al.
2009) for β = 1. We note that the de-correlation timescales
could be affected by the limited length of the light curves as
shown from simulations by Emmanoulopoulos et al. (2010).
Equation 6 provides a better fit to the data than simple
power-law defined in Equation 5 especially at lower lag. The
fitted parameters are given in Table 3. We found SF∞ =
0.38±0.02 for BL Lacs and 0.66±0.01 for FSRQs suggesting
a higher variability in FSRQs than BL Lacs. The value of β
is about ∼ 0.85 slightly deviating from DRW. We also plot
in the same figure, the 3.6 micron SF of confirmed quasars
from Koz lowski et al. (2016) in black dashed line, which lies
well below that of the BL Lacs and FSRQs studied here. This
could be due to the contribution of relativistic jets to the mid
infrared variability of the blazars studied here in comparison
to the sample of quasars studied by Koz lowski et al. (2016).
In Figure 10, we plot the SFs of HSP, ISP and LSP sources.
Here too, we found a better fit with the exponential function
given in Equation 6. We found SF∞ = 0.30±0.07, 0.40±0.04
and 0.57± 0.03 for HSPs, ISPs, and LSPs.
The SF plots in Figure 10 show that variability is sig-
nificantly stronger in LSPs than in ISPs and variability is
the lowest in HSPs. Among ISPs and HSPs, variability is
stronger in ISPs. This is in agreement with the results ob-
tained from the analysis of the amplitude of flux variations.
3.4 Duty cycle of variability
The data set analysed here for intra- day variability is suited
to estimate the duty cycle (DC) of mid infrared variability of
different classes of blazars. Following Romero et al. (1999),
the DC of a particular class of object is given as
DC = 100
∑n
j=1Aj × (1/∆tj)∑n
j=1(1/∆tj)
% (7)
Here, ∆tj = ∆tj,obs/(1 + z) is the duration of observation
corrected for the cosmological redshift of the source of a jth
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Figure 8. Histogram and cumulative distribution of σm on long
timescales for the different sub-classes of blazars in both W1 and
W2 bands.
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Figure 9. Structure function (SF) against observer frame time
lag for BL Lacs (red dots) and FSRQs (blue dots). Best fits of the
SF using Equation 2 (dashed line) and Equation 3 (solid-line) are
also shown. The 3.6 micron structure function for quasars from
Koz lowski et al. (2016) is shown with a black dashed line.
one day light curve (as described in Section 3) for a selected
class. Aj = 1 or 0, if the source was classified as a variable
or non-variable respectively during the observed duration
∆tj . A source is considered variable in a one day light curve
(Aj = 1) if σm calculated using Equation 1 is greater than
zero. For BL Lacs in the W1 band we found a high DC of
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Table 2. Results of the analysis of variability.
Type Number σm ± σ (intraday timescale) σm ± σ (long timescale) Duty cycle
W1(mag) W2(mag) W1(mag) W2(mag) W1(%) W2(%)
FSRQ 460 0.04+0.03−0.02 0.05
+0.03
−0.02 0.44
+0.28
−0.27 0.45
+0.27
−0.27 78.82 53.06
BL Lac 575 0.04+0.01−0.02 0.04
+0.02
−0.02 0.21
+0.18
−0.12 0.22
+0.18
−0.11 89.59 61.47
LSP 565 0.05+0.05−0.03 0.05
+0.05
−0.03 0.40
+0.30
−0.22 0.41
+0.29
−0.22 79.51 54.12
ISP 207 0.04+0.04−0.02 0.04
+0.05
−0.02 0.22
+0.19
−0.11 0.24
+0.21
−0.12 92.79 82.29
HSP 243 0.04+0.03−0.02 0.04
+0.04
−0.02 0.14
+0.11
−0.08 0.16
+0.10
−0.09 82.89 43.71
Table 3. Results of model fits to the ensemble structure function for various classes of blazars.
Power law model Exponential model
Object class γ τ0 (days) SF∞ (mag) β τc (days)
BL Lac 0.29± 0.03 1.19± 0.52× 104 0.38± 0.02 0.89± 0.09 128± 46
FSRQ 0.25± 0.02 2.25± 0.63× 103 0.66± 0.01 0.82± 0.03 90± 12
HSP 0.30± 0.05 3.81± 3.26× 104 0.30± 0.07 0.75± 0.14 327± 410
ISP 0.32± 0.02 1.23± 0.28× 104 0.40± 0.04 0.79± 0.05 375± 167
LSP 0.27± 0.04 3.01± 1.29× 103 0.57± 0.03 0.96± 0.13 89± 39
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Figure 10. Structure functions for HSP (red), ISP (black) and
LSP (blue). Lines have the same meaning as in Figure 9.
.
89.59%, while for FSRQs we found a lower DC of variability
of 78.82%. In the W2 band too, BL Lacs have a high DC of
61.47% followed by FSRQs of 53.06%. Separating the blazars
into different classes based on their SED, we found the ISP
sources to have the highest DC of variability and HSPs have
the lowest DC of variability in both W1 and W2 bands.
The results of the DC of variability in various sub-classes
of blazars is given in Table 2. In the optical band on intra-
night timescales, Stalin et al. (2004a) found the BL Lacs
to have a high DC of variability related to FSRQs which
was interpreted as due to the close alignment of BL Lac jets
with the line of sight related to FSRQs (Stalin et al. 2004a).
The results found here on DC of the mid infrared variability
on intra-day timescales closely matches with that found by
Stalin et al. (2004a) on intra-night timescales in the optical
band in spite of differences in the time resolution between
the optical and the mid infrared light curves.
3.5 Colour Variability
Blazars are known to show spectral variations in the opti-
cal band. It has been thought that FSRQs show a redder
when brighter behaviour (RWB; Gu et al. 2006; Bonning
et al. 2012). Alternatively, BL Lacs are found to show a
bluer when brighter behaviour (BWB; Massaro et al. 1998;
Villata et al. 2002; Vagnetti et al. 2003; Gaur et al. 2012).
Departures from this conventional observations have also
been noted recently. FSRQs are found to show bluer when
brighter behaviour (Gu & Ai 2011) and in the FSRQ 3C 345
both RWB and BWB trends were noticed (Wu et al. 2011).
There are also reports in which the spectrum of a blazar was
found not to change with increasing/decreasing brightness
(Stalin et al. 2006).
The available literature is more focussed on the colour
variability of blazars in the optical and near infrared bands
(Gaur et al. 2019; Sarkar et al. 2019; Bonning et al. 2012),
but not in the mid infrared bands. Most of these studies were
based on nearly quasi-simultaneous observations, without
properly taking into account the errors in both colours and
magnitudes which could lead to incorrect characterisation
of spectral variability (Sukanya et al. 2016). In this work
we report on the mid infrared spectral variations in a large
sample of blazars.
3.5.1 Intra-day colour changes
The advantage of colour variability studies in mid infrared
using WISE is that the observations in the different bands
are simultaneous. To characterise the colour variability in
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W1 and W2 bands, we constructed colour - magnitude dia-
grams, wherein (W1-W2) colour is plotted along the Y-axis
and the W1 brightness is plotted along the X-axis. We car-
ried out a linear least squares fit to the colour - magnitude
diagram by taking into account the errors in both the colour
and magnitude. The slope of the fit is taken to quantify
the spectral change. We used the Spearman rank correla-
tion analysis to probe the correlation between W1-W2 colour
against the W1 brightness. The source becomes increasing
bluer with increasing W1-W2 colour along the Y-axis and
W1 increasing (decreasing in brightness) towards the right.
This is the BWB trend as seen in Figure 11 (right panel).
Alternatively, the situation wherein the W1-W2 colour gets
smaller with increasing W1 band (decreasing in brightness)
is the RWB trend. An example of such a trend is shown
in the left panel of Figure 11. In this work we adopted
the following criteria to characterize the colour variations
in blazars. We considered a source to show a BWB trend
if the Spearman rank correlation coefficient is larger than
0.3 and probability of no correlation (p) is less than 0.05.
Similarly we considered a source to show a RWB trend if
the Spearman rank correlation coefficient is less than −0.3
and p is less than 0.05. In the middle top panel of Figure 11
is shown the distribution of the slopes obtained from linear
least squares fit to the colour magnitude diagram on intra-
day timescales. Clearly the blazars in our sample showed
all types of spectral behaviours namely (a) constancy of
spectral shape with brightness, (b) RWB behaviour and (c)
BWB behaviour. However, the distribution is shifted from
zero to positive values (there are more positive than nega-
tive values) thereby indicating that on intra-day times scales
most of the blazars showed a BWB trend. On intra-day
timescales, in BL Lacs, for 1409 light curves, we found a
BWB trend, while only on four light curves, we noticed a
RWB trend. For FSRQs, 960 light curves showed a BWB
trend, while only on five light curves RWB trend was no-
ticed. Thus, on intra-day timescales we found both FSRQs
and BL Lacs predominantly showed a BWB trend, while
only on very few instances RWB trend was noticed.
3.5.2 Long term colour changes
Using data that spans from about a year to as long as
7 years, we also studied the colour changes in the long
timescales. Here too, colour magnitude diagrams were con-
structed, and linear least square fits were carried out to the
colour-magnitude diagrams by taking into account the er-
rors in both the colours and magnitudes. The results of the
spectral fits are shown in Figure 12. Similar to the spec-
tral trends noticed on intra-day light curves, here too, we
found all types of spectral behaviours namely, (a) the spec-
tral shape has not changed with brightness (b) the spectrum
has become BWB and (c) the spectrum has become RWB.
An example of a BWB character is shown in the bottom
right panel of Figure 12, while an example of a RWB trend
is shown on the bottom left hand panel of Figure 12. The
distribution of the slopes of the spectral fits are shown in the
middle panels of Figure 12. Similar to the spectral variations
observed from intra-day light curves, here too, the distri-
bution of spectral slopes have more positive than negative
values, pointing to the BWB trend in most of the blazars.
On long timescales, we found 174 FSRQs to show a BWB
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Figure 13. Correlation of σm with MBH . The solid and dashed
lines are unweighted linear least squares fit to the data on FSRQs
and BL Lacs respectively.
trend, while RWB trend was found in 24 sources. Similarly,
for BL Lacs, 160 objects showed a BWB trend, and a small
number of 47 objects showed a RWB trend. Thus, on long
timescales majority of FSRQs and BL Lacs showed a BWB
spectral behaviour.
3.6 Correlation of long timescale σm with MBH
In order to find the correlation between the black hole mass
(MBH) and long timescale σm, we collected MBH values
from the catalog of virial black hole mass estimates obtained
by Koz lowski et al. (2016). We could get MBH values for a
total of 67 objects. For those objects, we checked for the cor-
relation between MBH and σm in both W1 and W2 bands,
by applying a linear least square fit to the logarithmic vari-
ability amplitude σm as a function of the logarithmic black
hole mass. This is shown in Figure 13.
For FSRQs in the W1 band, the Spearman rank correla-
tion coefficient is −0.15 with a p value of 0.11 and for the W2
band, the correlation coefficient was found to be −0.20 with
a p-value of 0.06. For BL Lacs we found the correlation co-
efficient of −0.23 with a p of 0.41 in W1 band, while for W2
band we found a correlation coefficient and p of −0.17 and
0.59 respectively. Thus, in our data we did not find statisti-
cally significant correlation between MBH and mid infrared
amplitude of variability. This is the first investigation of the
correlation of σm with MBH for blazars in the mid infrared
bands, however, such correlation analysis are already avail-
able in other wavelengths in other types of AGN. For exam-
ple in the optical band for quasars, there is no conclusive
evidence on the dependence of variability amplitude with
MBH as there are reports of positive (Wold et al. 2007; Lu
et al. 2019),negative (Kelly et al. 2009) and no correlation
(Simm et al. 2016) on timescales similar to the one probed
here in the mid infrared band. Rakshit et al. (2019) studied
mid infrared variability of Narrow Line Seyfert 1 galaxies
and found no correlation between variability amplitude and
MBH .
4 DISCUSSION
4.1 Flux Variability
The observations from WISE, that makes about 15 orbits
per day is well suited to study the mid infrared flux vari-
ations on intra-day timescales as well as long timescales.
We utilised this data set to probe the mid infrared vari-
ability characteristics of a sample of blazars selected from
3FGL. Our analysis is a first characterisation of the mid in-
frared variability of γ-ray emitting blazars. We found that on
intra-day timescales FSRQs showed larger amplitude vari-
ability than BL Lacs. In the optical band on timescales much
shorter than a day, BL Lac objects were found to show large
amplitude and high duty cycle of variability compared to FS-
RQs. These observations in the optical band are explained
in the context of BL Lacs having closely aligned jets rela-
tive to FSRQs (Stalin et al. 2004a). The differences between
the optical and mid infrared intra-day variability character-
istics of blazars could be ascribed to the following: (i) the
optical analysis of Stalin et al. (2004a) was based on a lim-
ited number of 15 blazars, with each blazar having three or
four intra-day light curves. The mid infrared variability ob-
tained here is based on the analysis of a larger number of
blazars with each blazar having many (> 3) intra-day light
curves and (ii) the time resolution of the optical light curves
analysed by Stalin et al. (2004a) is of the order of minutes,
while, the time resolution of the mid infrared intra-day light
curves analysed here is of the order of hours. Mid infrared
light curves with time resolution of the order of minutes are
needed to make a direct comparison to the results reported
by Stalin et al. (2004a) in the optical band.
Thermal infrared radiation in AGN is generally believed
to be from the accretion disk and the dusty torus outside of
the dust sublimation radius having typical scales of around
few tenths of parsec (Mandal et al. 2018; Koshida et al.
2014). Dust reverberation mapping observations show that
the inner radius (R) of the torus ranges from 0.01 - 0.1 pc
(Suganuma et al. 2006). Using this measured size of the
torus, one can estimate the variability timescale (∆tint) as
R < c×∆tint (8)
Here, ∆tint = ∆tobs/(1 + z) and c is the speed of light.
The FSRQs studied here have redshifts between 0.19 to 3.10
and for those sources, using Equation 8 and considering a R
of 0.1 pc, the observed timescale of variability ranges from
about 140 days (for z = 0.19) to about 480 days (for z =
3.10). In our analysis of intra-day variability, the maximum
time difference between the data points is 1.2 days. We have
found variations using such observations that span about
1.2 days and therefore our observed timescales of variability
are much smaller than 1.2 days. This implies that the ob-
served mid infrared flux variations on intra-day timescales
are not from the torus. Using the maximum time difference
between the data points (i.e. 1.2 days) as the observed vari-
ability timescale, from Equation 8, the mid infrared emission
could have come from spatial scales ranging from 2 × 10−4
(for a source at z = 0.19) to 8 × 10−4 pc (for a source
at z = 3.10). This suggests that the observed mid infrared
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emission comes from a very compact region corresponding
to around few hundreds of Schwarzschild radii considering
FSRQs to have black hole masses around 108 M. The size
of the emission region as deduced from from the observed
intra-day variability timescale is much smaller than that of
the torus and the accretion disk. This suggests that the ob-
served radiation in W1 and W2 bands is dominated by the
non-thermal emission from the jets of these sources. This is
not surprising, as these sources are γ-ray emitting sources
and detected by Fermi. In this scenario, the observed mid
infrared variability is well explained by jet based models
(Marscher & Gear 1985; Marscher 2014).
Statistical tests indicate FSRQs to be more variable
than BL Lacs in both the W1 and W2 band on intra-day
and long timescales. Analysis of the ensemble variability us-
ing structure function on long timescales shows differences
in variability amplitude between FSRQs and BL Lacs, which
confirms the results obtained through amplitude of variabil-
ity method. Dividing the sample of sources based on the
position of the synchrotron peak in their broad band SED,
structure function analysis and the analysis of variability
amplitude too indicates that LSPs show mid infrared vari-
ability with the largest amplitude, followed by ISPs and
HSPs. The increased variability of FSRQs relative to BL
Lacs and LSPs relative to ISPs and HSPs could be due to
a combination of the following two reasons. Firstly, the ob-
served W1 and W2 bands trace the peak of the synchrotron
component in the case of FSRQs, while in the case of BL
Lacs, it traces the rising part of the synchrotron compo-
nent and thus the low energy electron population. Secondly,
FSRQs are known to have powerful jets compared to BL
Lacs (Gardner & Done 2018). As most of the FSRQs are
LSP sources and BL Lacs are HSP sources, LSPs show large
amplitude variability compared to ISPs and HSPs. Our re-
sults on the mid infrared amplitude of variability on long
timescales is in agreement with what is found in the op-
tical band. From an analysis of optical data in long term
Bauer et al. (2009) and Hovatta et al. (2014) noticed FS-
RQs to be more variable than BL Lacs. This too points to
enhanced contribution of jet emission in the optical band of
these sources.
4.2 Colour variability
Brightness variations in blazars are often accompanied by
spectral variations that manifest in colour-magnitude corre-
lation plots or spectral index - magnitude correlation plots.
Analysis of spectral variations too are important as it can
provide additional clues to the origin of flux variations.
Blazars have been studied for spectral variations in the op-
tical and near infrared bands (Gaur et al. 2019; Sarkar et al.
2019; Bonning et al. 2012), however, such studies in the mid
infrared band are very limited. For example, from an anal-
ysis of CTA 102 mid infrared (W1 and W2) light curves
during its optical outburst in 2016 (Kaur & Baliyan 2018),
Jiang (2018) noticed a BWB trend within a day. The data
set analysed here is unique (larger number of sources and
many epochs) and it can provide insights on a statistical
basis into the mid infrared colour variations in blazars.
The observed emission in W1 and W2 bands is a com-
bination of thermal emission from the accretion disk and
torus and non-thermal synchrotron emission from the rel-
ativistic jet (Koz lowski et al. 2016). For most of the γ-ray
bright blazars, the bright state in the γ-ray band is accom-
panied by correlated increase in brightness in the optical as
well as the infrared bands (Bonning et al. 2012). However,
there are exceptions to this general observations known in
blazars. There are cases in blazars where the optical, near
infrared and γ-ray emissions are not correlated (Chatterjee
et al. 2013; Rajput et al. 2019; Liodakis et al. 2019). From a
systematic study of long term optical flux variations in γ-ray
detected blazars along with a control sample of gamma-ray
undetected blazars, it has been found that γ-ray detected
blazars are more variable than γ-ray undetected blazars
(Hovatta et al. 2014). Thus, it is clear that the observed
flux variations (across the electromagnetic spectrum), both
on intra-day timescales and long timescales in γ-ray bright
blazars is due to the relativistic jets in them. The observed
BWB trend seen in this study can be explained by (i) local-
ized temperature changes in the accretion disk with changes
in the accretion rate (Ruan et al. 2014), (ii) increased am-
plitude of variability at shorter wavelengths (Stalin et al.
2009) which in the one zone synchrotron emission model
could happen due to the injection of fresh electrons that
have an energy distribution harder than that of the ear-
lier cooled electrons (Kirk et al. 1998; Mastichiadis & Kirk
2002) and (iii) changes in the Doppler factor in a convex
spectrum (Villata et al. 2004) or variation in Doppler factor
due to changes in the viewing angle of a curved and inho-
mogeneous jet (Papadakis et al. 2007). Considering that the
observed flux variations are intrinsic to the source, we rule
out geometric effects on the cause of colour variations and
instead focus on the intrinsic causes for the observed colour
variations. Among blazars, FSRQs have a stronger accretion
disk and more powerful jets relative to BL Lacs that have
weak accretion disk and less powerful jets (Gardner & Done
2018). In both FSRQs and BL Lacs, predominantly BWB
trend is observed and therefore, spectral variations with a
BWB trend that could result from temperature changes in
the accretion disk with changes in the accretion rate is dis-
favoured. Flux variability analysis discussed in Section 4.1
unambiguously point to the jet based origin of the observed
infrared variability and therefore, the observed colour vari-
ations are related to complex processes intrinsic to the jets
of both FSRQs and BL Lacs.
5 SUMMARY
Using a large sample of 1035 blazars taken from the third
catalog of AGN detected by Fermi, and cross-matched with
the WISE catalog, we studied the mid infrared variability
properties of FSRQs and BL Lacs on both intra-day and
long timescales. While blazars have been studied for mid
infrared variability on long timescales (Mao et al. 2018), the
study presented here is the first on the mid infrared intra-day
variability characteristics of different categories of blazars
using an extensive data set taken from WISE observations.
We quantified variability by calculating the amplitude of
variability, σm. In addition to flux variability, we also studied
the infrared colour variations in our sample of sources. The
major findings of this present study are summarized below
(i) All sources in our sample, except three showed flux
variations both on intra-day and long timescales.
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(ii) On intra-day timescales, we found FSRQs to show
larger amplitude flux variations in the mid infrared W1 and
W2 bands relative to BL Lac objects. When the sample is
divided into different sub-classes based on the position of the
synchrotron peak in their broad band SEDs, LSPs showed
the largest amplitude of variability while HSPs and ISPs
showed similar variability amplitudes.
(iii) On long timescales, FSRQs showed large amplitude
flux variations compared to BL Lacs in both W1 and W2
bands. However, there is no difference in variability ampli-
tudes between W1 and W2 bands in FSRQs and BL Lacs.
Among the various sub-classes of blazars, in W1 and W2
bands, LSPs showed the largest amplitude of flux variabil-
ity and HSPs showed the lowest amplitude of flux varia-
tions, while ISP sources sources showed flux variations with
the amplitude of variability intermediate between LSPs and
HSPs.
(iv) Most of FSRQs and BL Lacs showed a bluer when
brighter trend, while only a small fraction of them showed
a redder when brighter behaviour.
(v) No correlation was found between the mid infrared
amplitude of variability and black hole mass in both FSRQs
and BL Lacs.
(vi) From the analysis of intra-day light curves, we found
BL Lacs to show an increased duty cycle of variability than
FSRQs in both W1 and W2 bands.
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